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THE CONTRIBUTION OF
CARBONACEOUS AEROSOLS TO CLIMATE CHANGE
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Abstract - The contribution of acrosols to climate change results from two effects: clew-
sky and cloudy-sky forving. The clear-sky climats forcing by carbonaceous acrosals fromn
biomass burning ard fossil tuct buming depends on the relative comtribution of scatiering
and absorption by the acresois which in tum depends on the fraction of acrosol masy
associated with black carbon and its size distnbution. In this paper, we review estimates
for the emission of carbonaccous acrosols, placing these estimates in the context of
estimates {or the cmissions of anthropogenic and nutural sulfate acrosols and naturad
sources of arpanic particulate matter.

The cloudy-sky forcing trom carbonaccous acrosols s difficslt 1o estimate hecause,
among other factors, it depeads on the amount of absorption by the acrosols in the cloud.
It is also highly sensitive 10 the assumed pre-cxisting, natural acrosoel abundamc An
upper limit for the (,luudy-\k) forcing by cabonaceous acrosols is 4.4 Wmr2, but may
range as low as -2.d4 W2, depending on background aerosel concentrations. These
estitnates do not yot account Ior absorption of radiation by black carbon associated with
cloud or the presence of pre-exisiing dust particles.

Keywords - Radiative forcing: Aerosols; Cloud droplet nucleanon: Chimate change

INTRODUCTTION

Atmwospheric aerosols along with greenhouse gases ad clouds play important roles in nediating
the radiation balance of the Earth-atmosphere systiem  In recent assesxsments of clinmate forcing, the
Intergovermnental Panel on Clitnate Chunge (IPCC) lists acrosols as one of the most imporant
anthropogeaic radiative agents that tend o decrease wemperature (1IPCC, 1994). However, the maganude
of acrosol effects on climate and. in panicular, the magnitude of the indirect effeet of acrosols on clouds
1s sull very uncenain (1IPCC, 1991: Penner et al.. 199:1a). While a vancty of acrosol types exist in the
aimosphere (c.g.. water-sofuble norganic species, carhonaceous acrosols (1e. organk matter and black
carbon awrosols), mineral dust, and sea salt), volanle sultur compounds are paricularly imponant acroso!
precursors. This is because a large part of the acrosol imass in sub-micron size particles is sultate Sultite
acrosol is formed through chemical reactions, either gas phase photochemical reactions of the emitied
sulfir compeunds or aqueous processes invelving in<cloud oxidation of SO2 follwead by diop
evaporation (anpcl et al, 1990; Lelieveid and Hunmnhcq. 1992 The scmnd MOSL POt acroso
component in e sub-micron size range is organic carbon. Our studies of the effect of acresols on
climate and climate forcing have initially concentrated on charactenzing the ulcas of anthropogenic
sultate acrosols (Penncr et al., 1993b; Taylor an! Penner, 1994, Chuang and Peaner, 1995 Chuang ot al,
Y995). Here we review these estimates of torang and extend them teoanciude an upper bt tor twe
cloudy-sky torcing by carbonaccous acicosols

In orded to provade a global undeistanding of G cllccts of acrosols on dlouds. one must st
undeistandg the global concentraticnns of the Jilterent actosol components o types. Our past woik has
heen aied at developing an underntamding of glohal and regiomal aerosol abundances, and deseloping a
pasuneterization of cloud response 10 aerosed abundnce (Chuang and Penner, 1995, Ghan ot al, 1993
tn order o evaluate the mapottance of aerosol/cloud mtetcnens o chinute foremy The elfeas of weosol
ahumdance on Cloud Dife cycle may alve be gupontant bor s eot weated here I order o undenstand
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whethier the acrosol parucles st as a CCN, one necds o know the composition of hygroscopic matenal
in the acrosol (e.g.. sulfate, nitrates, ammonium) (Pruppacher and Kleit, 1978). This understanding
xcguires 2 gquantitanve understanding, on a global basis, ot the aerosol sources, transtonmation and
removal processes. Ietermining the aerosol sources requires an understanding of the cycles and budgets
o1 the trace specics which comprisc the acrosol.

Carbonaceous aerosols derive trom bath anthropogenic and natural sources. They are compaosed
of two components, called black carbon and organic carbon. Organic carbon, like sulfate acrosol is
mainly scattering. Black carboa may be distinguished by its resistern o¢ to chemical and thennal anack and
by its ability 1o strongiy absorb solar radiation; specific absorption coetticients are estimated in the range
of 3 10 20 m?g (Lioussc et al., 1993). This -ability lowers the single scattering albedo of aerosols thereby
reducing the amount of solar radistion reflected by the aerosols (Chylek and Coakley, 1974). Tt is
nnporant 1o quantify the amount of black carbon (as well as organic catbon and sulfate aerosol) in order
to quantify climate forcing by anthropogenic aerosols. The presence of black carbon in cloud may also
reduce cloud albedo. Here we ignore this effoct and concentrate on obtaining an upper-limit estimate of
the effoct of carbonaceous acrosols on clouds and on showing the sensitivity of this forcing to pre-
existing asrosol number concentrations.,

SOURCES OF CARBONACEQUS AFROSOLS

The principal source of biack carbon is combustion. Except for natural fires, whose sources ane
stnall on a global basis, most black carhon denves from cither biomass buming or fossil fuel
combustion. ‘The principal types of hiomass buming include (1) savanna fires to ¢clear and renew land, (2)
torest fires for clearing purposes, (3) burning of agncultural waste to clear land. and (4) the burning of
wood to produce charcoal and (5) the buming of wood, agricultural wastes. charcoal, and dung for
domwestic fuel. Each of these processes produce organic carbon as well. although the ratio of BC to (X' in
emissions vanes depending on the type of fuel and the manner of burning  l'or example. savanna fires
typically have a larger ratio of BC/OC than forest fires. Thic is because savanna fires typically burn in a
flaming mode which enhances emissions of BC while forest Gires are o combinaiion of [Laning and
smoldering.

The principal soutces of black cartbon from fossi} Tuet emissions dertve from diesel fuel use and
coal combustion (Penner et al,, 1993; Cooke and Wilson, 1995). On a giobal basis these emissions have
been estimated from fuel use statistics as 6.6 Tg/yr by Penner et al. (1993) and as 8.0 Tg/yr by Cooke
and Wilson 11993), In the foilowing estimates of torcing, the inventory of Penner et al ¢1993) has beea
used.

Emissions of organic carhon trom tossil fucls and other activities within an uthan complex are
not well known, buat. typacally, the concentration of (O is Larger than that of BC inurhan weas (Bremond
ot al, 1989; Rogge et al, 1992). The source of this OC s not necessarily associaterd with the main
sources of BC in any given utban arca (Gray et al,, 1981) Tn the absence of pood cmissions inventaies
for OC from these sources, in the following we used un estimnate for the rtio of (OC 0 BC emissions
froen meeasured ratios of OC o BC it utban regions (which range up to 3.5 pC/C) to define the cange of
pussible emissions of OC from fossil fuel burning and urban activities, The resulting total cmissions
must also acenunt for the panticubr wolecular fonn of the organic ¢compounds measured as OC
Assurning a conversion factor of 1.3 gives an estimated upper limit for these eissions of approximately
30 Ty/yr. We have distributed these emissions proportionai to our emusstons of BC from fossil tuels, but
we stress here the uncertaints 1n this distnbution as well as its magnitude. 11 1s important to obtain a better
understanding of these eimissions and their distribution as a fuiction of space and tine i onder
IMprove 2stimates of forcing by carbonaceous wrosols,

In order o esinnate Torcing by carbonaccous acrasals, we developed o detaled imventory of
anthropogenic cmissions from biomass burming For thicinventory we extiniated the frachion of BC and
OC entted from cach source Ty using tinveasured values of cimission Tackors from the Inesainte o tlas
inventory, forcst and cavanna buming were tahen From the weork of Hao er o 019000, b updated o
weontit for aew intarmation on the reguency of buaraine and the carbon soschs avatlable 10 burn in
grassiands (Menaat et al 1997 Acrialtonal Buoing was estinuted (o couns by country wtals for
Wae procdociion of nee whear, badeyout, eee and couce grams, cot, and sugar cane o denved from
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FAQ (1991). The total burned 100k into account the fraction used for tucl (=60% in developing countrics,
Middicton and Darley, 1973; Mahtab and Islam. 1984: Bamard and Kristofersen, 1985: Crutzen and
Andreac. 1990) and the fraction burned in the fickd. For the Latter calculation we estimated the total
amount of agrcultural waste associated with the amount of grain paxduced from the harvest index of
cach crop. The fraction of this waste submitted to fires and the combustion efficiency (or fraction of
waste subinitted to fires that actually butns) were estimated separately. Tuble 1 gives a swiamary of the

factors which contnbute 10 our caiculations and emissions.

Table 1. Biomass fires : Coefficients used t0 obtain amount of bumed biomass from crop and fucls.

By Product! / By Product Combustion Lmission Emission
Main Product Exposedto  Efficiency (%) Factor Factor
Fires (%) TP (p/ ky fucl) BC (p/kp fuct)

Swvanna 8.1 0.81
Forest 18 1.53
Rice
Developed Arcas 1.2 10 85 2.5 6
Developing Areas 1.2 50 85 532 864
Wheat, Barley,
Rye and others
Developed Areas 1.3 5 70 7.0 91
Developing Areas i3 30 70 i2.0° .22
Com
Dcveloped Arcas 1.0 ) 35 S0 )
Developing Arcas }.8S 30 KA 17 0% 062
Suzar Cane — - A, -
Developed Arcas Q0.5 10 35 5.0 115
Developing Arcas 0s 70 s 202 772
Wood
Developed Arcas 3¢ 96) il 1.32
Developing Arcas

Bumed for fuel 50 20 H P2

Bumed for

charcoal making SU 20 {7 (1.XS$
Charcoal
Developed Areas 100 75 0 1S
Developing Areis 100 IN 10 15
Dung 1%.5 S 20 10

Un the case of nee. wheat, rye, barkey and corn, the main product 1s the grain and the by product (or
waste ). the straw. Sugar is considered 1o be the main product of the sugar cane crop.

~These emission factors are higher because 60 of the buming is assumed o ke place s Jdomestic
burning rather than in the Nield. There is consequently a higher fraction of simoldening with higher ond
panticle emission factors but alower fraction of BC/TP eimissions.

In addition to forest, savanna, and agoculturad burming (i both fick) and as domestic fueh),
charcoal, wood, and dung are bumned as fuels. The 1ol smounts butsed from these cources and the wtal
cinissions are shown in Table 2. Theie s a crucial Tack of data concermng the proper parameters to use in
these calcubitions. For example, the emission factors for chasconl muking and butnieg of wood diectly
differ greatly. Tn our inventory, 305 of the fuel wood was estinuted to te used for charconl making
the developing countries and 504% for direct fuel use. This rato could be unproved based on necem
evaluations {(Brocard et al., 1995)




To check the magnitude and distibution of the cmissions described above, requires that we
represent these acrosols in a thiee-dimensional madel of transport, transtormation and removal and use
the predicuons of the model in comparison to obscrvations 10 quantty possible ¢rrors in both ciussions
and maodel representation. Black carbon concentrations are almost exclusively from combustion and 0!
anthropogenic origin, while mcasured abundances of OOC at any given site also result from natural
sources. Thercfore, a proper test of the model and the emissions of OC, requires that both sources be
represented. Natural emissions of OC derive from the gas to panticle conversion of natural organic vapors
emitted by vegetation, direct particle emissions from vepetation and other debri of biological origin.
Vegetation emits isoprene, terpenes, and a variety of oxygenated species. All of these compounds
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Table 2. Biomass Buming Sources : Total tucl burned in cach category (savanna, forest, agricultural amd
donwstic fircs).

Total Biomass TP Emissions BC Emissions
Burned (Tpdu/yr) (Tgfyr) (Tg/yr)

Total 5374.5 §9.9 5.64
Savanna 2682 2.7 2.2
Forest 1259 227 19
Agricultural Fires 564 4.45 0.53
Wheat and other grains 192 2.06 0.22
Comn 411 0.46 0.04
Rice 2185 1.1s 0.19
Sugar Cane 1124 (.78 0.09
Domestic Fires 869.5 11.07 1.61
Wood and Bagasse 7524 8.88 0.88
Charcoal 16 0.16 0.02
Dung 101.1 2.02 0.10

undergo photochemical Jegradation in the atmosphere, but terpeacs e thought 1o have the largest
particle yiclds. The fraction of organic matter produced from a given amount of terpene emissions varics
aver a considerable range, but a gas to particle conversion factor of S% npresents a reasonable average
tPandis, ¢t al., 1991 Hatakeyvama et al.. 1991: Zhang et al.. 1992). this factor, together with the terpene
emission inventory of Guenther et al. (1995) gives rise to a total natural organic mauer production of 7.3
Tg/yr. Becaus the time scade for oxidatoen of the terpenes is shon (of the order of minutes), we assume
that this source is directly igjocted into the model as acrosol The Latier two natural sources, those from
direct injection of plant matenials and biological debwi, are particulaly difficuli to estiinate. However,
maost of the mass of thesc emissions are in the coarse partick: mode. above | jum diameter. Hence. their
contribution to measured concentrations < 2.5 pim should not be large. In the following simulations,
these emissions have been neglected.

COMPARISON TO DATA

Tacre are very tew data which can be used to venty the modet, und much of 1t consists ot shon
duration measurcincents which are therefore insufficient for defining a climatology of carbonaccous
acrosols (cspecially a climatology of organic carbon acrosols). Liousse, of al. (1998) have camied out a
thorough coniparison of the model with those measwicmients which aie available, concluding that the
model provides a reasonable description of both OC and BC concentrations. Figure 1ab shows a scatter
plot of observed and mode] predicted concentrations of BC and OC  The figure demonstrates that the
Hmissions and imodel are not based cither high or Jow, aithough, if we Jook in mone detail, panicalarly in
the United States, for example, concentrations of both BC and OC appear 10 be low (Liousse, ot ol
1995). This is most Likely the result of the emission inventory being 0o low i the United States rathe
than due to weaknesses in the model.

One weakness of the model is apparent when comparing modeled and predicted concentrations
polar jocales. The predicted concentrations at both the North and South Poles appear to be too tow, Low
concentrations at remote locales maey result from either (1) low cmissions inventory, (2) a scavenging
paranictenization which removes too much matenal, or (3) a poor representation of atmasphenc
circalation and trarsport. The nepresentation of scavenging may be evaluated by comparnison ol predicted
and observed concenirations i precipitation (see Liousse ¢t al, 19955 or by caanparison of observations
and model resulis a1 remote sites, where predicted concentrations ais highly sensitive fo the scavenging
parmnetenzation Fipure 2 compares the model and predicted concenteations of BC a Manina Faa, o wite
mainly nnpacied by crnresions e Asia As seen thewe, the predicied concenteations are reprenhin ed 1o
within a factor of two. One complicating factor in cotuparing these date is the G that BC as mcasurned
hy an aethelometer may count sume absorpton by dust, aentbuung dns w0 Mack catbon, Schinell et ad
(1991 presented evedonce that dust abaorption could account for up o 2o o the BO mcaaned
Mauna Loa dunng speciad Aaan dust events gmean vatue ot 100y e edreted concentrattons ane
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therefore within a factor of two of those measured which we deem adequate for this first estitnite. This
fact, together with our reasonable reproduction of concentrations in rain (Liousse ct al, 1995) gives us
confidence in our scavenging scheme. & b Polar concentrations are affected mainly by biomass
burning in the Southem Hemisphere. The 1. _uttude of these sources is best checked by comparison of
the predicted concentrations with sites close to the buming. One such comparison. for Amsterdam
Island. gave good agreement. thereby confimming that our sources from Africa arc reasonable (Liousse «
al., 1995). The scasonal cycle of carbon monoxide is also mainly dependent on the sources from b,omass
burning in thc Southcrm Hemispherc and is a gas whose sink does not depend on the scaveaging
parameterization in the model. A comparison of this medel's predicted CO fields (see Atherton et al |
1995) with data from Cape Grim (not shown) gives us funther confidence that the specified emissions
from biomass burning are reasonable. Hence, we conclude that the low concentrations predicied @ the
South Pole are mainly due to a poor representation of the circulation in this region. A similar weakness
may affect the model's ability (0 represent concentraions in Nosth Polar regions. This weakness should
not greatly affect the predicted forcing by casbonaceous aerosols, because such a small region is affected.
However, we hope 10 comrect this in the fulure,
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THE FIFECTS OFF AEROSOLS ON CLOUDS

Recently, Boucher and Rodhe (1994) and Jones et al. (1994) have cach developeu
paramcterizations relating clowd drop concentiation (o sulfate mass or acrosol number concentration,
respectively, and used ther 10 develop estimaites of the indireet forcing by anthropogenic sulfate acrosols.
These paruietericaions made use of measured relationships in comtinental and maritime clouds.
However, these relationships are inhercntly noisy, yiclding more than a factor of 2 variation in cloud drop
number concentration for a given acrosol number ( or for a given sulfate mass? concentration. They do
not make use of infonmation fron the climate model regarding local updratt velocities, and they have had
to make centain simplitying assumptions.

In the study by Boucher and Rodhe (1994), simultancous acrosol mass and CCN number
concentration measurements were used to establish a hypothetical range of dependencics between the
sulfate acrosol mass and cloud drop number concentration. However, their results of the indirect rdiative
forcing by sulfate acrosols wre seisitive (o these assumed relationships and the predicted forcing may be
overestimated when comparing with observations of cloud drop radius and cloud albedo. In ¢ : study by
Jones et al. (1994), acrosol number concentration was related to cloud drop number concentration based
on measurcments. But in converting the model-predicted sulfate mass concentrations 10 aerosol number
concentrations for use in the parametenizauon, the aerosol composition and size distnbution were
prescribed and assumed to be universally applicable both in the case of the namral hackground aerosol
tpresent prior to industnialization) and in the present-day perturbed case.

In contrast to previous studies, our paramcterization of the eftects of acrosols en cloud droplet
distnbutions uses a more mechanistic approach. The charactenistics of the cloud deop size distribution
ncar cloud base are initially determined by the size distnbution and chemical chinactenstics of the aciosol
particles that serve as CON and by the Jocad updraft velocity (Loe o1 28 158G, Chuang et al, 1992). Once
drop concentrations at cloud base ane estzhlished, imeasurements have shown that these remain near
ceastant with Gliswde throughout the main pant of the clouds, o ieast in the case of suatfonn and
stratocumulus clouds (Nicholls. 1984; Bower et al., 1994; Mitchell, DRI, pavate communication). Thus,
ideally, it should be possible to use these fundamental properties of acrosol size, chemical composition,
and updraft at cloud base to predict the effects of anthropogenic acrosols on drop number concentrations
in stratifonn clouds in geaeral circulation models. However, the large spatial and temporal vanability in
the concentration. chemical charactenstics, and size distribution of acrosols have nade #t difficult o
develop such a parameterization from dara.

In our paramwtcnzation. our focus has been to develop a means for rolatng the predicted
anthropogenic sulfate mass to cloud drop nuuber concentration over the range of expected condhitions
associated with continental and inanine acrosols. We start with an asswiied preexisting panticke s
Jistribution and develop an approximation of the alicred distribution after addition of anthropagenic
sulfate. This treatment is necessary for sulfate actosols because the thine scake for production from gas
phase SO; is several duys. Other acrosol types. such as the carbunaceous panticies of concern here, ane
formed much more quickly from their gas phase precursors and hence mmay be assumed to be injected
mto a global-scale model in the acrosol torm. In the caleulation of sulfate worosol, we assume that sultate
1s fonued mainly through the condensation of sultune acid vapor (Ha50)4) on pre-¢xasting partcles and
apremn-phase oxidation of SO followed by evaporation of the drops The nuclkeation of new particles is
negiccted. We thereby develop a conservauve estimae ¢f the possibic chanpe in CON  number
concentrauon due to anthropogenic sulfate: contaming acrosols and investigate s unpact oa cloud abedo
and plobal average solar radiative forcing.

As noted above, the assumed pre-existing particke size disesbution derives fiein a vareety o
sources, wcluding the gas-to-particle conversion of nalural emiissions ol aon-iethane hvdrocarboas
(primanly terpenes ), natural water-soluble inarganic species (sulfates, nuirites, ainmoniam), dust, and sea
salt. The sources of these aciasals me regionally diverse We are working towands the developiment of
global sc ale distributions forcach of these acrosol types. Atthe present e, we e abde o epresent the
st amportant suh-miceon cormponems which comprise the main mass of sob-wicron aeeonol. nanely
onpaic, biack cartbon, and sullite acrosols thiousse ctal, 1995, Penner e, 199%by However, the pee
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¢ sung arosol should also include a representation of panticies whose mass is nainly in the course
mode as well.

in Chuang et al. (1993) and here, we assume the sulfate-containing aerosol is an internal maxture,
where a fraction of the acrosol size distnibution is determined by condensation of sulfunc acid vapor on &
prescribed pre-existing panticle distribution and a fraction was deterinined by agueous-phase oxidation of
SO, followed by evaporation of the drops. Based on Langner and Rhode {(1991), as well as our vwn
model simulations (Penner ot al, 1994¢), we explored a range of conditions for the pas and aqueous
production pathways. Thus, it was assumed that 15 to 35% of acrasol sultate s distnibuted to all panticles
by condeasation and the remaining 85 10 65% 10 parucles which were larger thun the minimum size of
CCN by cloud rrocesses. Here, we use the mid-range figure of 75% to calculated the cloud forcing by
anthropegenic sulfawe acrosol. This internal mixing approach does not change the toai aerosol munber,
but the resulting sulfate containtng particies grow to larger sizes and thereby fonu more CON.

CLOUD DROP NUCLEATION

An acrosel panicle becomes activated as a CCN when the enviromnental supersaturiaion ratio
becomes grearei than its c-itical value. The resulting drop grows 10 a size much Larger than the ninal size
of the particke due to condensatior of water, The magnitude of the cnitical supersaturation for actvauon
decrcases with increasing particle size and mass tractdon of soluble matenal in the acrosol panticle,
therefore. larger partickes are activated carlicr than smaller panticles and activation of masitime aerosols
whose composition contains a large fraction of soluble salts (Hewntzenberg, 1989) 18 more  avorable than
contincntal particles for a given value of supersaturation. Here, we desenbe our paramcter zation (o relate
anthiopogenic sulfutecontaining aorosols w cloud drop nucleation.

The detailed microphysical imodel described by Chuang et al (1992} was a~ed 10 compute the
specizal evolution of intenstitial acrosols and cloud deops. This el describes a Lagrangian an parced
which may aiso entrain enviromnental air. The iadel 35 initialized with the acrosol size disinbution and
chemical composition detennined as noted above and computes the concentiation ot cloud droplets
formed as the pareel passes through cloud base. In Chuang et al. (1995) and Chuang and Penner (1995),
we assumed the parcel dynamics were adiabatic because we were interested only in the initid stages of
cloud development. The vertical temperature and humidity proftles wete thoce used by Lee et at (1980
We examined the consequence of water vapor diffusion to aerosols which were an intereal wmixtune of
sulfate and other materials (organmic maiter, NOy , NHa*, erc)).

Figures 3a and 3b present the predicwed refationship between anthropogenic saifate m partcles and
cloud drop gundber concentration as predicted by our nncrophysical imodel, To these Gigures, we varied
the aemsol nsmbers concentration From SO0 - TO000 ¢ 3 for the continenial case Fip 30 and from SO -
SO0 a3 for the manie case (Fig. ) 1o cover the spatial and temporal vanations eapected for the
concentrations of pre-cxisting acrosols, In addition, we also ~onsidered updratt veloaities ranging from
16 cm 5% 10 200 cm §°° to cover a wide range of updrafts expected 1n both stratus and stratocumulus
clouds. Looking at any one curve in Fig. 3, one notes that under many circumstanoes the predicted cloud
drop number concentration is larger on paticle size distributions with i higher loading of anthrepogenic
suifate even though, for thic internally miaed cise, the totad number of aerovol paticles s unchanged in
these simulations. The concentration of cloud drops is, of conrse, also ailtected by both updraft velocity
and tatal (in tus case pre-existing) acmsol numher. For the continental cise with a mderate upndrati
velocity SO cm s*! and aerasol number 2000 cm?, we esumate that the awnber of the condensationally -
producad cloud drops would increase trom 350 1o S60 cm=3 11 a typical ameunt of anthropopenie sullate
of ~2 ug mrd in non-urban tegions were added onto the pre-existing panicles, For the marnine case with
the sanwe updraft vetocity but o mach Tower aetosol concentration of only 1) e 3, the nnber of clowd
drops nucleated wonld incresse fronme 60 10 75 G for gl deposinion of aimnopogenc wollce equal
w02 pgm?

It is impontant to try to compare these results with avarlable data. We have cainipared omt sadel
resuits with measureinents of the relationship between drop number  conventranon and  sultate
concentration in cloud water samples (leaiteh et al, 1992), Leaitch ¢t al. repon mcasurements conducted
over central Onvarta, Conada and over unper New York Stite. The observed nnges ol choad drop
mibhaer concenttations ate abiout 55 - 73500 o statdlorr clouds wed T 950 G ! P cuitlonn
clowds fdenvad Trom Fapy o) and {0 of Leaach ot al ) 19905 tor cbmdwater sultale Comoemtatons
tanany thoan 008 10 gy i ! Fou the s ranyy of sullate concentrations -’lvn‘\ilnl.ﬂ\:}
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anthropogenic), our simulations show that the number conceatrations of cloud drops which are nwcleated
on continental aerusol size distributions with total number concentrations 500 10000 em? are about 50 -
910 cor-? for updraft velocities 10 - 50 cin s 1. The prexdicted cloud drop numbers through nucleation on
anthropogenic sutfate-containing acrosols scom to he in the nght range.

w = ¢ cm/s w = S0 cmi/s w = 200 cm/s
10° — 10¢ , T ; ;
9 - N-= S cm-?
;\ 1 —— N = 2000 3 . - e e mr——
& s —— Nz lww e =
= Wi 10 e o WO )
R B - !
E P 1 ’ ;
g2 e T :
& 10°F.° 1 10 w0k :
501
‘0' PO U 1 .‘AAl ]nl NP DU ]“l A et
0 s 16 0 s 10 ) 5 1%

anthropaogenic sulfate (g m-3)

qeure 3a: Predicted clou wp nuinber nuclcated versus anthtoporenic sultate 1 continental particles
frgure 3a: Predicted cloud drop nuibe leated thropo; true tinental parucl
Actosol number concentrations are from SO0 - 10000 cm- 3

. w= {0 cm/s w =50 covs w = 200 cmy/s
16— - v 10" —~————r———— ' —r—r—r—r—r——r—
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! i
'ol‘L“‘..A‘.J LN EP DU SO S S S lOIAL.A.LAAA.L!
4 0.5 1.0 0 s 1.0 ] 0.5 10

anthropagenic sulfate (g m-3)

Figare 3b. Sane as Fig, 30 but for marine aerosols with nuber conccmrations fron $6- 356G e !

PARAMETERIZATION AND FORCING IN A GLOBAL MODEL

The effect of anthropogenic sultate accumulastion on pre-exisunge acrosels has o significam
influence on cloud drop nnaber concentiation, therefore, 1 shondd e ogeprosented e Cinnee snodeis
However, itis not practical io apply o detiled microphysical e delin g plobal clianate inodel becaane of
the large ncrease s compatational e requiied for the detaled treataent of auclkeation o cach paod
pant. An alternative is 1o paramcterniae the cloud drop awcleation and thea apply this parametensation
clunate models. Here, we parametenze the nuclcation of cloud drops oato anthropogense sulfate
containing acrosols based on the results from our detailed microphysical maodel. The cloud drop numier
nucleated (in cor ¥ is expressed in the fonm Ny = w N, 7 (n ¢+ ¢ N) gy supeested by Ghan et al (1993,
where N o3y is the bee kprouned aetosol nomber concentation, and i e updear velocay i cng
In Ghan et al - a dook-up ohle was vved Tor soeding the vadue of o snch thac the oo etenzed g
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concentrations match the ssimulated values trom our detatled microphysical moded (Chuang et al, 1992,
Edwards and Perner, 1988). In Chuang and Penner (1995) and Chuang et al. (1995), we denve the
coefficient ¢ direcy trom the results of our microphysical model.




Tabke 3. Global average annual mican change in

cloud torcmg (W %)

Forcing with
Assumed pre- prescribud pre
sx isti N existing manne
Aerosol type existing acrosol Forcing (Wir?) source (Wm*?)
Anthropogenic Anthropogeaic (XC
sulfate and BC, Natural
: .87 )y 87
OC, BC. S
Anthropogenic
carboaaceaus Natural OC, BC. 8 441 24
acrosol
Anthropogenic
sulfate and
anthropogenic
carbomceous N.‘lﬂllal (X‘. l;(“, S ‘52”
acrosol

Results from this purameterization for sulfue cloud forcing using il g.u‘hmuu.uus acrosols as
pre-eaisting acrosols ase shown in Table 3 The total forcing notedahere is =-0.8 W2 This table shows
the predicied forcing from the made] which assuter internal mixing and an assumed conversion traction
ot 75% from aqueous reactions. We also show the predicted forcing tor a caleulation in which the pre-
existng acrosol is assumed to be oanly that from natural sulfur and natural organic matier acrosol. Here,
the size distnibution is that of the pre-existing acrosols from Chuang et al. (1993) and the anthropogenic
varbonaccous aerosols have been addcd as ap external mixiwre. The calculated forcing increases fo -
S.SWm2 with approximately -4.4 W2 due to carbonaceous acrosols alone. Such forcing should he
interpretexi as a maximum since we have assumed that any effect of blick carbon on cloud diop
reflectivity is negligible. In addition, we have aot yet accounted for the "pre-cxisting” acrosol component
that anses from sea salt or dust. In order to explore the possible eftects of the lanter, we pertormed o
sensitivity test with a prescribed hackground of acrosol over marine arcas. In this tst, a prescribed
panticle number concemtration of 200 ¢m-3 was added to the lowest manae boundary laver, and
exponentiatiy decreased with altitude by

Nicm-}) =200 e20-a forg 2015

=36S5¢ 15015-0 foro <0.15
where o= plp,. and p, is the surface pressure. These panicles simulate a possible source of masnine
nackground paticles such as sex sali or manne sources of organic acresol. The giobal avetage annud
mean tadiative f'urunl.aw fisted in Table 3. The cloud forcing by carbonaccous actosvls decicasad {fiom -
1AWm2t0 -24Wm-2 Figure 4 shows the temporal distibation of this forcing, with largest forcing
April and Septembar associated with tropical biomass burning of savanna and forested areas.

CONCLUSIONS
Greenhouse forcing has been estinated to be about 258 Winre over the Lt o) veius
Calculations shown here demonstrate that cloud Yorcing that cesults from anthropopeme e ons ot
carbonaceous gerosols may subctanuadly mask the torcine by greenhouse gases. Futther wodh s needed
tr appropnately estimate the pre-cxisting acroso! in order to better quanuty this togeiny. In additen,
inclusion ot the cttect of bluck carbon op the single scatennge altbedo of clouds i needed
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